Introduction
The increasing environmental problems, such as running out of fossil fuels, global warming, and pollution give a major impetus to the development of the on-board energy storage system for the rolling stock, using such as rechargeable batteries and electric double layer capacitors (EDLCs). In addition to the energy saving, an on-board energy storage system enables to realize a contact-wireless type railcar, by which the landscape is improved and the maintenance cost of overhead contact wires is reduced (Ogiwara, 2010).
Fig. 1. Typical commuter electric train in Japan
In case of the system with the catenary wire such as shown in Figure 1 , the electrical regenerative braking has reduced total energy consumption in electric railway systems. However, if the energy is not absorbed by another train, the catenary voltage rises and regenerative failure is occurred under DC power feeding system. The train must be decelerated only with a mechanical brake. Therefore on-board energy storage system is a promising tool to prevent regenerative energy failure for rolling stock. As EDLCs have superiorities such as long lifetime and quick charge/discharge capability compared to rechargeable batteries, some systems using EDLC were designed and tested (Sekiyama et al., 2007) , (Baklan, 2009) , (Drabek & Streit, 2009) . Energy storage devices and their charge/discharge converters are shunt connected to main DC power source in the typical configuration as shown in Figure 2 . In this configuration, the regeneration power is absorbed with EDLCs and braking is realized without other energy consuming trains. Figure 3 shows typical traction effort and power vs. speed characteristics in conventional traction systems using AC motors.
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Costs and weights of energy storage devices are considerably large. If we fully use the ability of energy storage devices, the increased power and the traction effort can be realized both at powering and breaking. Prof. Sone et al. proposed two methods to realize increased power at high speed region (Sone et al., 2005) . In this chapter, these two methods were investigated and compared in detail, and the increased voltage method was adopted preferably. Then the feasibility of the system was verified with simulations and experiments. 
Increased power method at high speed region
Two methods were proposed to realize increased power at high speed region. One is the increased current method, in which the rated motor current is doubled and the motor rated voltage E m is reduced to half at speed V 1 for example, and the motor voltage is increased to the maximum voltage E R determined by the catenary voltage at the speed region over V 1 as www.intechopen.com The other is the increased voltage method, in which the output voltage of the energy storage devices is added to the voltage generated by the overhead source at the speed region over V 1 . The motor voltage is increased, and increased power and traction effort are realized both at powering and breaking as shown in Figure 5 . In this system, increased power of the traction motor is realized by increased voltage rather than increased current, and for DC side, increased power is fed from or stored to the energy storage devices, without increased catenary current. In the published papers (Yano et al., 2007) , (Sone et al., 2005) , a new system of increased voltage method using interface transformers between auxiliary inverters and motor windings was proposed. As we could dispense with these transformers with further studies, we developed the new energy storage systems, using EDLCs connected in series to main motor windings with such a simple circuit configuration as shown in Figure 6 (Yano et al., 2009 
System comparison
In the new systems of increased power with energy storage devices following the operating pattern shown in Figure 4 and Figure 5 , the maximum speed V 2 of increased power depends on the output/input power of the DC/DC converter and the auxiliary inverter respectively. Thus the capacities of the DC/DC converter and the auxiliary inverter are selected, considering the desirable maximum speed V 2 . For simple estimations, V 2 is selected to be twice V 1 , and TABLE 1 shows evaluation results among three methods. In the increased voltage method, the capacity of the auxiliary inverter is the same as the main inverter, and we can dispense with DC/DC converters which are required in the conventional method and the increased current method. In the current increased method, the motor of high current capacity is required. On the other hand, the power and the voltage of the traction motor are increased to be twice those in conventional systems in the voltage increased method. However the magnetic capacity of the motor (the product value by voltage and time) is the same value as that in the conventional method, and the physical scale of the motor does not increase considerably. For this reason, we prefer the voltage increased method rather than the current increased method. 
Circuit configuration and control
The voltage increased method was adopted. The performance and feasibility are verified by simulation case studies and experiments under several conditions. For experiments, a 3 kVA inverter with the carrier frequency of 7 kHz, which consists of IGBTs, EDLCs, and the digital control system of dSpace's rt1103, was constructed and tested.
Circuit configuration
The basic configuration of the studied system is shown in Figure 6 . In the regular mode, the output voltages of the auxiliary inverters (3 single-phase inverters) are added to the output voltage of the main inverter. In the bypass mode (Q 1 and Q 2: :on, Q 3 and Q 4 : off), the output voltages of the auxiliary inverters are kept zero, thus the traction motors are fed only with the main inverter. In the experiments and simulations, an induction motor with ratings of 2.2 kW, 200 V, 9.4 A, 50 Hz and 1430 rpm was used, and 3 banks of 0.93 F EDLC were respectively used as energy storage devices of 3 phases. In each bank, 60 small cell capacitors (2.3 V, 56 F) were connected in series.
Control system
The basic block diagram of the main circuit and control is shown in Figure 7 . A standard indirect coordinate-vector controller was adopted for the main PWM inverter (Yano & Iwahori, 2003) , and the voltage command signal of the controller is used for the control of the auxiliary inverter as well. The output signal of the EDLC controller is multiplied with the voltage command signal of the vector controller and the share ratio of the burdens between the main inverter and auxiliary inverters is adjusted. Control circuits of initial charging of EDLC banks and voltage balancing among 3 EDLC banks were developed and implemented as well. 
Simulation case study
Simulations using MATLAB/SIMULINK were carried out to prove the validity of the proposed method and to compare the method with conventional methods. The basic configuration of the studied system and system parameters are shown in Figure 6 , and TABLE 2. Figure 9 shows operating results of regeneration failure at conventional operating pattern. Following the detection of regeneration failure due to the absence of other running trains, the regeneration power is only absorbed by on-board EDLCs. Although the regeneration power is reduced considerably, operations are maintained smoothly. Fig. 9 . Simulation wave forms at regeneration failure Figure 10 shows simulation results of the operation of increased power with energy storage devices. At all speed regions, the d-axis current (magnetizing component) is kept constant. At the speed region under 1430 rpm, the auxiliary inverter is at bypass mode, and plays no role in energy treatment. At the speed region over 1430 rpm, the auxiliary inverter is at regular mode, and shares the storage and the supply of the electric power, thus maximum motor power increases to 4.4 kW, twice that in conventional traction systems. The capacity of the auxiliary inverter is the same as that of the main inverter.
Operation of regeneration failure at conventional operating pattern

Operation of increased power with energy storage devices
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Experiments
The mini-model following the voltage increased method was constructed in the circuit configuration shown in Figure 6 , and tested.
Experimental setup
A PWM inverter rated 3 kVA and auxiliary input/output systems for EDLCs, whose parameters are shown in TABLE 2, were designed and constructed. Figure 11 shows the outline of the mini model and the experimental setup. A flywheel shown in Fig. 12 was connected to the main motor to simulate the large inertia of the system. The flywheel, whose diameter and thickness are 50 cm and 30 cm respectively, was made with the iron steel and its inertia was 28.9 kg-m 2 . Starting time from standstill to rated speed 1430 rpm is about 295 s. 3 sets of 0.93 F EDLC were respectively used as energy storage devices of 3 phases. In each set, 60 cell capacitors (2.3 V, 56 F) were connected in series. Figure 13 shows experimental wave forms in starting from standstill to 40 rpm and braking from that speed to zero as shown as (d). The regular mode took place of the bypass mode about 3 s after starting, but motor currents (c) kept regular sinusoidal wave forms and no transient effects were observed. Torque current (q-axis current) (e) was kept 10.5 A during mode change, and changed to -10.5 A at braking. Magnetizing current (d-axis current) was also observed to be constant during whole operation. At the mode change, main DC circuit current (b) began to decrease, and discharging current of EDLC (g) began to flow. As EDLCs were divided among each phase, EDLC current showed ripple of twice operating frequency. EDLC voltage (f) decreased due to discharging, but EDLC was not charged significantly during braking, as the regenerative energy was small at low speed operation. Fig. 14 shows experimental waveforms at normal speed operation. The bypass mode was changed to the regular mode at the speed of 460 rpm during acceleration with rated torque, and the regenerative braking was added at the speed of 500 rpm. At the mode change, main DC circuit current (b) began to decrease, and the discharging current of EDLC (g) began to flow. EDLC voltage (f) decreased to 47 V from 70 V. Q-axis current of the motor (e) was kept constant, and was shared with the main inverter and the auxiliary inverters. After several seconds, torque command was changed from powering to braking, and EDLC was charged with braking power, thus its voltage increased from 47 V to 85 V. Charge/discharge power was about 200 W and total discharge energy was 3800 J. All operations including starting transients were smooth as expected. 
Starting and low speed operation
Normal speed operation
Initial charging and voltage balancing of EDLC
At the first stage of operations, three banks of EDLC are individually charged in the proper order with the main inverter. In charging of U-phase EDLC, all arms of U-phase auxiliary inverter are off and the inverter works as a rectifier. The other two auxiliary inverters are at bypass mode, thus work as short circuits. Reference signals of output voltages of V-phase and W-phase of the main inverter are kept zero and the charging current is controlled by two U-phase arms of the main inverter. Experimental wave forms in Figure 15 shows that each bank of EDLC was charged with constant current smoothly. Balancing control of EDLC voltages among three banks takes place both after the initial charging and at the standstill operation. The output voltage of the main inverter is kept to zero and only auxiliary inverters work to equalize three voltages of EDLC banks. Figure 16 shows block diagram of balancing control. Three auxiliary inverters generate three alternative voltage of 50 Hz. Amplitudes of the direct component of the voltage ( t ω sin ) are controlled to be the same among three outputs and the quadratic components of the voltage ( t ω cos ) are added depending on the difference between EDLC voltage of each phase (V CU , V CV , V CW ) and the average value among three banks (V avg ). The phase angle of the output voltage for the EDLC bank of higher voltage leads those of other voltages, and energy flows from this bank to other banks, so that EDLC voltages are equalized among three banks. Figure 17 shows experimental results of balancing control. Leading or lagging phase angles were limited to 8 , and currents of charging and discharging were kept within constant values, thus smooth charging and discharging were observed. 
Capacity estimation of EDLC
The selection of the capacity of energy storage device depends on many factors such as railway conditions, traction efforts of rolling stock, the setting of desirable maximum power, and so on. Some specifications of on-board energy storage devices were shown in materials (Takahara & Wakasa, 2002) , (Technical committee of IEEJ, 2004) . Hereafter some estimates are presented referring these materials. At a standard Japanese commuter 1M1T electric train of 65 t weight including passengers m, 80 % of moving energy is assumed to be charged as electric energy, and the electric energy Q is calculated as follows. 
The energy difference between Q top and Q rated is 10 [MJ]. Figure 18 shows simplified power share of EDLC referring to total motor power. This indicates that rated traction or braking effort can be realized at the top speed, if around a quarter of this energy (2.5 [MJ]), is charged /discharged with on board EDLC. This train is driven with 4 motors of 150 kW, and the catenary voltage is DC 1.5 kV. At top speed, total traction/braking power is 857 kW(=4x150x100/70) and it corresponds to DC power of 400 A and 2142 V. Charge energy of 2.5 F EDLC from 1.15 kV to 1.85 kV Q cap , is calculated as follows and meets the requirement.
0.5x2.5x 1.85x10 1.15x10 2.63 MJ Figure 19 shows the picture of a EDLC case unit of 160 V, 3.7 F and 50 A, and one case unit houses 70 EDLC cells (Meidensya, 2009) . Using these case units, 3 sets of 0.85 F, 2.0 kV EDLC can be constructed with 117 case units. 1 set consists of 3 parallel circuits of 13 case units in series. Total estimated weight of EDLC is around 1 t. The traction effort F can be calculated as follows.
( ) ( ) rated 1 / 9.8 x / 1 / 9.8 x600 / 19.4 3160 kg weight
If the equivalent weight of rotation inertia is assumed to be 9% of total weight m, and the travelling resistance of the train is neglected, the acceleration/deceleration rate  can be calculated as follows. 
This traction effort and the acceleration/deceleration rate can be realized through all operations. However the friction brake must be used additionally with this installation, when receptive conditions of the catenary are insufficient or lost. 
Conclusion
A new configuration of an energy storage system, consisting of EDLCs and their inputoutput auxiliary inverters connected in series to main motor windings was presented, and the superiority of this system was verified by simulation case studies and experiments. This configuration can increase maximum traction and regeneration power substantially without increasing the motor current and the catenary current. Wide assessment, which includes the setting of desirable maximum power, the selection of the capacity of energy storage device, and estimates for cost, weight and size, must be carried out for specified rolling stock. As a result, the adoption of this system to actual electric rolling stock is expected.
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